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Abstract

Background: Pulmonary embolism (PE) is a significant medical problem that re-
sults in over 300,000 fatalities per year. A common preventative treatment for PE
is the insertion of a metallic filter into the inferior vena cava that traps thrombi
before they reach the lungs. The goal of this work is to use methods of mathemat-
ical modeling and design optimization to determine the configuration of trapped
thrombi that minimizes the hemodynamic disruption. The resulting configuration
has implications for constructing an optimally designed vena cava filter.

Approach: Computational fluid dynamics is coupled with a nonlinear optimization
algorithm to determine the optimal configuration of trapped model thrombus in
the inferior vena cava. The location and shape of the thrombus are parameterized,
and an objective function, based on wall shear stresses, determines the worthiness
of a given configuration. The methods are fully automated and demonstrate the
capabilities of a design optimization framework that is broadly applicable.

Results: Changes to thrombus location and shape alter the velocity contours and
wall shear stress profiles significantly. For vena cava filters that trap two thrombi
simultaneously, the undesirable flow dynamics past one thrombus can be mitigated
by leveraging the flow past the other thrombus. Streamlining the shape of thrombus
trapped along the cava wall reduces the disruption to the flow, but increases the
area exposed to abnormal wall shear stress.

Conclusions: Computer-based design optimization is a useful tool for developing
vena cava filters. Characterizing and parameterizing the design requirements and
constraints is essential for constructing devices that address clinical complications.
In addition, formulating a well-defined objective function that quantifies clinical
risks and benefits is needed for designing devices that are clinically viable.

Keywords: CFD, Design optimization, Inferior vena cava, Overset grids, IVC filter
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1 Introduction

Deep vein thrombosis (DVT) and pulmonary embolism (PE) are collectively
referred to as venous thromboembolism (VTE), which is the third leading
cause of cardiovascular related death, after myocardial infarction and stroke [1].
It is estimated that there are more than 900,000 cases of VTE per year in the
U.S., and approximately 300,000 individuals die of PE every year [2,3]. PE is
the result of deep venous thrombus from the lower extremities that migrate to
the lungs. The most common treatment for PE and DVT is anticoagulation
therapy (e.g., coumadin, warfarin), which thins the blood and reduces the risk
of clotting. In patients whom such therapy is ineffective or contraindicated,
however, inferior vena cava (IVC) filters provide an alternative treatment.
Usually constructed from nitinol or stainless steel, vena cava filters are metal-
lic devices that are inserted into the IVC through the femoral or jugular vein;
the image-guided procedure is usually performed under fluoroscopy. Once de-
ployed in the IVC, the filter is designed to trap large thrombus before they
reach the heart and lungs. There are approximately eight IVC filters that are
approved for use in the U.S., and approximately 100,000 filters are deployed
annually [4].

Despite their widespread use, there is no study in the open literature that
seeks to construct an optimally designed vena cava filter based on hemody-
namic considerations. In the clinical context, an optimal filter is symmetric,
deployable from either the jugular or femoral veins, offers retrievability, has
a simple and low profile deployment mechanism, is not prone to tilting, and,
perhaps most importantly, is not thrombogenic. Thrombogenicity is correlated
with hemodynamic conditions such as abnormal wall shear stress (WSS) and
regions of stagnant/recirculating flow [5,6]. Consequently, from a flow dynam-
ics viewpoint, an optimally designed filter is one that traps thrombus in a
configuration that minimizes the impact of these abnormal flow conditions
and therefore minimizes the risk of IVC occlusion.

The present work lays the foundation for a mathematical modeling and op-
timization framework for designing vena cava filters. In particular, we focus
on minimizing the hemodynamic disruptions caused by different locations,
sizes, and shapes of model thrombus that may be trapped by a dual filtration
vena cava filter, i.e., a filter with two trapping positions. The extent to which
thrombi are deformable to the filter geometry is situation-specific, but filter
design may enable reshaping of thrombi. We presume that the filter traps one
thrombus along the wall of the IVC and a second thrombus in the center of
the IVC near the renal inflow; a model of the filter is not included in this

∗ Corresponding author.
Email address: msinger@llnl.gov (Michael A. Singer).

3



study. This trapping configuration is similar to that of the TrapEase vena
cava filter (Cordis, Miami Lakes, FL). By moving and re-shaping the clots in
a virtual computer simulation environment without the physical constraints
imposed by a particular filter design, the optimization procedure strives to
minimize the disruption caused by the thrombus that is trapped along the
cava wall. Once an optimal configuration of the model thrombus is achieved,
an IVC filter can be constructed that traps thrombus in the optimal arrange-
ment; design of such a device is not considered here. In taking the modeling
approach described above, the configuration of the trapped thrombus serves
as the fundamental criterion for evaluating filter design. Indeed, this metric
is appropriate given that trapped thrombus generally disturb the flow more
than a conventionally designed filter that is not occluded.

Previous studies have also combined flow modeling tools and design optimiza-
tion software. In the work of Marsden et al. [7], for example, a derivative-
free optimization framework for cardiovascular flows was constructed, and
the methodology was applied to three shape optimization problems: steno-
sis, vessel bifurcation, and anastomosis. Computational fluid dynamics and
optimization methods are combined in the free-form haptic anatomy editing
tool, SURGEM, which evaluates modifications of patient-specific anatomies
for surgical planning [8]. Design optimization techniques have also been ap-
plied to medical devices, most notably stents (e.g., [9–11] among others). In
all of these studies, one of the primary motivations is to minimize disruption
to otherwise normal physiological flow. The objective of this work is similar,
and it represents the first application of numerical optimization methods to
vena cava filters.

2 Methods

The computer modeling techniques used to perform the design optimization
study are discussed in this section. In particular, the computational represen-
tation of the physiological vasculature is discussed, as is the representation of
model thrombus. The numerical techniques used to compute the hemodynam-
ics and perform the design optimization are also explained.

2.1 Computational model

The computational model is a two-dimensional representation of the physi-
ology in and near the IVC (Fig. 1). In particular, the anatomy considered
includes: the IVC, which is the focus of this study; the common iliac veins,
which provide inflow from the lower extremities (e.g., legs); and the renal veins,
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(a) (b)

Fig. 1. Two-dimensional computational model: (a) schematic of the flow configura-
tion; (b) ten overlapping grids used to discretize the geometry, including the higher
resolution grids (red and violet) near the two model thrombus.

which provide inflow from the kidneys. All vessels are taken to be straight and
rigid (e.g., [12–16]), and the IVC has an inner diameter of 23mm, per the
average cava diameter in [17]. The diameters and entry angles of the common
iliac and renal veins into the IVC, as noted in Fig. 1, are computed from
abdominal CT scans of 24 adult patients (12 males, 12 females; average age
55, age range 16-89) with no known renal disease or anatomical variants. In
particular, the diameters of the common iliac and renal veins are measured
from IV contrast enhanced 2.5mm slice thickness axial CT images; the entry
angles are measured using PACS software from IV contrast enhanced 5mm
slice thickness coronal CT images reformatted from the axial source images.
The measurements used to construct the model are the average values from all
24 patients. All patient-specific anatomic information was obtained at Kaiser
Permanente and was given exemption status after meeting our Institutional
Review Board and federal regulatory criteria for exemption.

Thrombus are modeled as rigid objects with two-dimensional areas corre-
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sponding to clot volumes of 0.5mL, 1mL, and 2mL, which are volumes repre-
sentative of those studied in-vitro by Wang et al. [18]. The radius of a 1mL
clot, for example, is the radius of a circle that represents the 1mL clot in the
two-dimensional model. Figure 1 shows a representative configuration of the
multi-clot system being considered: clot A lies along the wall of the cava in
an upstream trapping position, and clot B lies in the center of the cava in a
downstream trapping position near the renal vein inflow. This dual filtration
trapping configuration is representative of, for example, the TrapEase vena
cava filter. In this design optimization study, clot A is free to move upstream
and downstream along the wall of the vessel; hence, the axial position of clot A
is a design parameter. In addition, the shape of clot A, as defined by its aspect
ratio, is also a design parameter, though the area of clot A is held constant.
Note that in all cases, clot A is constrained to lie along the vessel wall, which
is a representative trapping position for dual filtration filters (e.g., TrapEase)
and filters that are severely tilted (e.g., Günther Celect [Cook, Bloomington,
IN], Recovery [Bard Peripheral Vascular, Tempe, AZ]) [15]. Our optimization
framework does not inherently impose this restriction, however, and allowing
the clot to separate from the cava wall introduces another design parameter,
i.e., the x-coordinate. In all cases, clot B remains stationary and is positioned
in relation to the renal inflow per the study of Wang and Singer [14].

Blood is modeled as a homogeneous, incompressible, Newtonian fluid with
density ρ = 1040 kg/m3 and dynamic viscosity µ = 2.57 × 10−3 kg/(ms).
As discussed in [16], the Newtonian approximation is appropriate for the
present flow regime. The conservation equations that describe the flow are
the incompressible Navier-Stokes (NS) equations, and the flow is taken to be
steady-state. Flow through the IVC is characterized by the Reynolds number,
Re = ρUD/µ, where ρ, U, D, µ are the density, mean inlet velocity of flow into
the IVC, diameter of the IVC, and dynamic viscosity, respectively.

Use of a two-dimensional model significantly reduces the computational cost
of the design optimization process in comparison to a three-dimensional rep-
resentation of the geometry. While it is recognized that the physiological flow
is three-dimensional, the computational expense of using a three-dimensional
model is appreciably more than the two-dimensional case. Nonetheless, impor-
tant hemodynamic features that are critical for evaluating filter performance
(e.g., stagnant/recirculating flow, WSS) are captured in the two-dimensional
model, and the model includes anatomical features such as asymmetric com-
mon iliac and renal vein attachment angles and inflow velocities.
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2.2 Numerical methods

The design optimization framework combines methods of computational fluid
dynamics (CFD) and nonlinear optimization: CFD is used to compute the
flow field, and numerical optimization is used to determine the optimal de-
sign configuration. The goal of the optimization procedure is to minimize the
value of an objective function (OF) that quantifies the clinical worthiness of
a given clot configuration (i.e., location and shape). Details of the OF, whose
meaningful formulation is crucial for obtaining clinically relevant results, is
discussed in section 2.3.

The CFD and optimization procedures are executed with separate computer
codes, and the two codes are coupled in a fully automated fashion using Python
scripts. Hence, the computations proceed as follows: the flow field is computed
(using CFD) for a given location and shape of clot A; using the computed
flow field, the OF is evaluated; based on the current and previous values of
the OF, the optimization procedure determines how to move or reshape the
clot in an attempt to reduce the value of the OF; the location/shape of clot
A are modified, and a new computational grid is generated; the flow field is
recomputed. Multiple computer processors are used concurrently to accelerate
convergence of the overall optimization algorithm. Details of the CFD and
optimization methods are described below.

2.2.1 Computational fluid dynamics

The flow field is determined by solving the incompressible NS equations using
the Overture software framework. As discussed elsewhere (e.g., [19]), Over-
ture uses finite difference approximations on overset grids to discretize the
equations on a collection of overlapping, curvilinear grids. This work uses
second-order accurate spatial approximations, and the steady-state solution is
computed using a pressure-based equation solver [20,21]. Artificial diffusion,
based on second- and fourth-order undivided differences, is also used. The dif-
fusion terms are added to the momentum equation to improve stability and do
not affect the order of accuracy of the method. A no-slip condition is imposed
at all solid walls, and parabolic inlet velocity profiles are prescribed at the in-
flow of the common iliac and renal veins. The outlet flow condition, imposed
at the outflow of the IVC, is a mixed (Robin) condition on the pressure and
an extrapolation on the velocity.

The computational domain, shown in Fig. 1a, is discretized using 10 over-
lapping, Cartesian grids as shown in Fig. 1b. High resolution grids cover the
region between clots A and B, which contains stagnant and recirculating flow
due to vorticity introduced by clot A. Coarser grids are used upstream of clot
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A, far downstream of clot B, and in the common iliac and renal veins. Note
that as clot A moves and reshapes during the search for the optimal solution,
the area occupied by the high resolution grid changes, and therefore the total
number of grid points also changes: the computational expense increases as
clot A moves upstream.

2.2.2 Numerical optimization

The optimization procedure solves the following nonlinear problem with bound
constraints

min{F (d) : l ≤ d ≤ u}, (1)

where F :
�

p →
�

is the OF, and d ∈
�

p is a vector of p design parameters.
For the present study, d contains the axial location of clot A and, if appro-
priate, the aspect ratio of the clot; the vectors l ∈

�
p and u ∈

�
p contain

the corresponding lower and upper bounds on the spatial coordinate and the
aspect ratio. Details on the formulation and interpretation of F are discussed
in section 2.3.

The minimization problem (1) is solved with APPSPACK 5.0.1 [22,23], which
is an open-source, asynchronous, parallel, derivative-free optimization code.
APPSPACK uses a pattern search method to obtain the optimal solution by
iteratively searching for updates to the current design (which is parameterized
by the quantities in d) that are within a positive spanning set of

�
p. That

is, the OF is computed at predetermined step lengths in each direction of
the spanning set. If no reduction to the OF is identified, the step length is
reduced and the search is repeated. Under certain conditions, APPSPACK is
guaranteed to converge to a local minimum, and for some global optimization
problems it has demonstrated to perform competitively with global optimiza-
tion methods while requiring fewer function evaluations [24].

APPSPACK is well-suited for the design optimization study considered here.
Asynchronous execution allows it to perform efficiently on heterogeneous com-
puter networks such as the combination of Pentium and quad-core machines
used for this work. It is also efficient in parallel when OF computation times
vary considerably depending on the parameter values. For this study, the time
required to compute the OF is strongly dependent on the design parameters;
as clot A moves upstream, the number of grid points and the area occupied
by stagnant/recirculating flow increases, which can increase the time required
to evaluate the OF by a factor of five. Finally, the OF (described below) is a
function of WSS, which may be noisy for a number of reasons, including its
dependence on velocity gradients. Hence, the derivative-free methodology of
APPSPACK avoids reliance on gradients of the OF, which may be inaccurate.
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2.3 Design optimization criteria

The objective function provides the specification of optimal design. Conse-
quently, the formulation of an objective function that incorporates medically
relevant design criteria is essential for constructing medical devices that are
clinically viable. Wall shear stress is a measure of the velocity gradient along
the wall of a vessel, and regions of abnormal WSS are correlated with an ele-
vated risk of thrombosis [5,6,25–28]. As a result, medical devices that induce
minimal disruption to otherwise normal WSS profiles may reduce the risk of
thrombosis caused by the device.

Building on the demonstrated importance of WSS, the OF used here is the
following

F (d) =

√

√

√

√

√

NR
∑

j=1

(

Wn(R, yj;d) − Wb(R, yj)

)2

(2)

+

√

√

√

√

√

NL
∑

j=1

(

Wn(L, yj;d) − Wb(L, yj)

)2

,

where Wn(R, yj;d) and Wn(L, yj;d) are the wall shear stresses along the right
and left cava wall, respectively. The subscript n denotes the WSS of a new
design configuration, where the location and shape of the upstream thrombus
(clot A) are parameterized by the design variables in d. The wall shear stresses
are evaluated at NR or NL discrete y-coordinates denoted yj, where NR and
NL are the number of grid points along the right and left wall, respectively.
The baseline WSS profiles along the right and left walls of the IVC, denoted
Wb(R, yj) and Wb(L, yj), are independent of d.

The dual filtration configurations considered here presume that the down-
stream thrombus, clot B, is located in the center of the IVC and remains
stationary. Hence, the goal of the present study is to determine the location
and shape of the upstream thrombus, clot A, that minimizes the disruption to
the WSS caused by the upstream thrombus. Therefore, the baseline WSS is
that of the single thrombus configuration with clot B in the middle of the IVC.
Note that selection of this baseline WSS is distinctly different than choosing
the baseline WSS to be that of the unoccluded IVC. In the latter case, the goal
of the optimization procedure would be to mitigate the negative flow effects of
clot B by leveraging the flow disruption caused by clot A. This flow scenario
has little clinical relevance to dual filtration filters because thrombus trapped
near the center of the vessel are, in some sense, trapped in the ideal location
– far from the cava walls. In contrast, thrombus trapped along the wall are
known to induce regions of stagnant/recirculating flow along the vessel wall
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that may be thrombogenic [13–15,25]

Based on the design optimization criteria described above, it is reasonable to
question the clinical value of dual filtration IVC filters that trap thrombus
along the cava wall: If the optimal WSS of a dual filtration device is that of
a single filtration device, why design dual filtration devices? But, the poten-
tial benefits of vena cava filters that trap thrombus along the wall and do
not elevate the risk of thrombosis are numerous. Allowing filter designers the
flexibility to consider such designs broadens the design space for constructing
filters that are symmetric, less prone to tilting, non-thrombogenic, low profile,
easily deployed and retrieved, and clinically effective.

3 Results: spatial convergence and verification

The two-dimensional, incompressible NS equations are solved to determine
the two components of the velocity and the pressure. In all of the figures
below, the flow is bottom-to-top, and all velocities are normalized by the
average velocity, in the y-direction, of unoccluded flow into the vena cava
(e.g., [13–16]). Similarly, the wall shear stresses are normalized by the value
in the unoccluded IVC. Both the velocity and WSS used for normalization
are obtained by running a simulation with no thrombus. Note that the values
used for normalization do not impact the optimization procedure.

The computational model requires the specification of flow velocities (x- and
y-components) into the common iliac and renal veins. The flow speeds into
the common iliac veins are adjusted so that the flow rate into the IVC is
1L/min, which is within the range of 1.2 ± 0.5L/min reported in [30] for
infrarenal flow at rest. This flow rate corresponds to a Reynolds number of
approximately 370, which is consistent with the flow conditions used elsewhere
(e.g., [14,15,29]). Note that the components of the parabolic inflow velocity
profiles are computed from the speed and the entry angle of the common iliac
vein into the IVC (see Fig. 1a).

Inflow velocities for the right and left renal veins are computed similarly, and
the peak flow speeds are 10.1cm/s (0.18L/min) and 10.9cm/s (0.28L/min), re-
spectively. Note that these inflow speeds are one-quarter of those used in [14].
These lower, yet physiologically relevant, renal inflow conditions give a supraceliac
flow rate of approximately 1.46L/min, which is nearly in the range reported
in [30] (2.0 ± 0.5L/min) for supraceliac flow at rest. These renal inflow con-
ditions are chosen to maximize the potential impact of clot configuration on
the WSS downstream of the renal inflow; otherwise, flow through the cava
downstream of the renal veins is dictated entirely by the high speed renal
inflow. Hence, the low speed renal inflow conditions represent a “worst case”
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condition in the sense that filter design will have the largest impact on WSS
throughout the entire IVC.

3.1 Spatial convergence

Sufficient spatial resolution, which is especially important because the OF de-
pends on the WSS, is ensured by performing a grid refinement study. The
representative thrombus configuration used for the refinement study contains
a 0.5mL upstream thrombus and a 1mL downstream thrombus; the configura-
tion and the corresponding velocity contours are shown in Fig. 2a. Four grid
resolutions, low (107K grid points), medium (162K grid points), high (256K
grid points), and ultra (406K grid points), are tested, and each successively
higher resolution grid contains approximately 50% more total grid points. Grid
refinement is nearly uniform in space (i.e., all 10 grids shown in Fig. 1b are
refined by approximately the same amount), which increases the number of
grid points in the viscous boundary layers near the thrombi and the walls of
the vessels.

(a) (b)

Fig. 2. Results of the grid refinement study: (a) contour plots of the normalized y-
and x-components of velocity using the medium grid resolution; (b) convergence of
the normalized WSS along the right (top) and left (bottom) walls of the IVC. Gaps
in the WSS profiles indicate the locations of renal inflow.

Figure 2b shows the normalized wall shear stresses along the cava walls with
the different grid resolutions. As demonstrated, the WSS converges monoton-
ically with grid resolution, and the greatest impact of insufficient resolution is
near the thrombi and immediately downstream of the renal inflow, especially
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along the right wall of the cava. These regions of cava flow contain stagna-
tion/recirculation zones or large velocity gradients that require sufficient grid
resolution to capture completely. As a result, high resolution, overlapping grids
are inserted into these areas as demonstrated in Fig. 1b. Concentrating fine
grids only in areas with complex flow dynamics reduces the overall number
of grid points required to resolve the flow and compute accurate wall shear
stresses. Minimizing the computational expense while also maximizing accu-
racy is especially important for design optimization problems because the flow
field often needs to be recomputed each time the OF is evaluated.

Table 1 shows the L2 and L
∞

errors in the wall shear stress for the low, medium,
and high resolution grids along the right and left walls of the cava; the “exact”
solution is obtained from the ultra resolution grid. As noted, increasing the grid
resolution by a factor of 2.5 (medium to ultra) reduces the error of the WSS by
7-9%. This slight reduction in error is not worth the additional computational
expense; hence, the medium grid resolution is used for subsequent studies.

resolution grid points L2 error (R/L WSS) L∞ error (R/L WSS)

low 107K 0.148/0.0906 0.129/0.0639

medium 162K 0.0734/0.0889 0.0698/0.0708

high 256K 0.0395/0.0502 0.0392/0.0374

ultra 406K — —

Table 1
Spatial convergence of the error in the wall shear stress along the right and left
walls of the IVC. The solutions obtained using the ultra grid resolution are taken
to be the exact solutions. All of the results below use the medium grid resolution.

3.2 Verification of the CFD/optimization framework

Verification is the process of ensuring that a computational framework is im-
plemented properly and produces accurate solutions. In contrast, validation
ensures that a computational modeling procedure yields results that agree
with experimental data. See [31] for a complete discussion of verification and
validation for CFD. To verify the correctness of the CFD and optimization ca-
pabilities described above, the solutions to three test problems are computed.

First, the steady-state flow past a 1mL thrombus, which is horizontally cen-
tered in the IVC, is computed (Fig. 3d). The solution to this problem is re-
ferred to as the baseline solution and serves as the exact solution to the three
test problems used for verification. The location and shape of the thrombus
is then perturbed from its baseline location and shape, and this altered con-
figuration serves as the initial condition for the CFD/optimization algorithm.
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The goal of the optimization procedure is then to determine the location and
shape of the thrombus that minimizes the OF; Wb in the OF, equation (3),
is the WSS for the baseline configuration. That is, the WSS of the perturbed
configuration is compared to that of the baseline configuration, and the design
parameters (i.e., location and shape of the thrombus) are adjusted to minimize
the difference.

Fig. 3. Normalized contours of the axial velocity for the initial and final configura-
tions of the verification test cases: (a) one parameter problem, (b) two parameter
problem, (c) three parameter problem, (d) baseline solution.

The three perturbed configurations are shown in Figs.3a, 3b, and 3c; the
corresponding parameter ranges are shown in Table 2. In Fig. 3a, the horizontal
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location of the thrombus is perturbed, and the single design parameter is the
x-coordinate of the thrombus. In Fig. 3b, both the x- and y-coordinates are
perturbed, which results in a two parameter design optimization problem.
Finally, Fig. 3c shows the initial conditions for a three parameter optimization
problem: the x- and y-coordinates and the aspect ratio of the thrombus are
perturbed. Fig. 4 shows the corresponding WSS profiles for the initial and
baseline configurations.

As seen in Table 2, the final solutions produced by the CFD/optimization
framework are nearly identical to the baseline configuration. As a result, the
implementation of our methods is verified. As expected, the number of OF
evaluations increases with the number of design parameters. Validation is not
addressed here due to a lack of experimental data.
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Fig. 4. Normalized WSS profiles for the starting and baseline configurations of the
verification test problems: top figure is WSS along the right cava wall; bottom figure
is WSS along the left cava wall. Gaps in the WSS profiles indicate the locations of
renal inflow.
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params [x-range] / xopt (mm) [y-range] / yopt (mm) [a-range] / aopt value of OF OF evals

1 [−5, 5] / 0.0 — — 8.939 × 10−3 22

2 [−4.4, 4.4] / 0.0 [72.75, 88.75] / 82.75 — 8.939 × 10−3 48

3 [−1.6, 1.6] / 0.0 [76.75, 90.75] / 82.73 [0.55, 6.66] / 0.997 2.077 155

Table 2
Optimization parameters and results for the verification test problems, where a is
the aspect ratio of clot A. The exact solution is (xopt, yopt, aopt) = (0.0, 82.75, 1.0).

4 Results: design optimization studies

This section describes results from the one and two parameter design opti-
mization studies. In section 4.1, the single design variable is the location of
the upstream thrombus; the clot is confined to the right wall of the cava. In
section 4.2, the location and shape of the upstream thrombus are design pa-
rameters, and the clot is again confined to the right wall of the cava. The flow
conditions are the same as described in section 3.

4.1 One parameter problem: Variable location of the upstream thrombus

The y-coordinate of the upstream thrombus is the single design parameter
in the one parameter optimization problem; the clot remains confined to the
cava wall. The optimization procedure then seeks to minimize the OF by
varying the axial location of clot A. Normalized contours of the axial velocity
component for the baseline and optimal thrombus configurations are shown
in Figs 5a and 5b. In each set of figures, the baseline case, from which the
baseline WSS is computed, is on the left. As illustrated, there are regions of
stagnant/recirculating flow downstream of clot B, and the area occupied by
low velocity flow increases with the size of clot B. In addition, low velocity
flow is observed upstream and downstream of clot A, and the area of disrupted
flow increases with the size of the upstream thrombus. As the size of clot A
increases, flow is directed toward the left wall of the cava, which increases the
velocity of flow through the narrow passage between clot B and the left wall
of the cava. At the same time, a high speed jet develops that drives transverse
flow (not shown in the contours of axial velocity) between the narrow passage
that separates clots A and B. This jet adds momentum to the wake of clot A
and reduces the size of the stagnation/recirculation zone downstream of clot
A.

Figures 6a and 6b show the normalized WSS profiles along the right (top)
and left (bottom) walls of the IVC for the optimal configurations. The peak
WSS increases with the size of clot B and occurs in the narrow passage that
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(a) (b)

Fig. 5. Contours of the normalized y-component of velocity for the baseline and
optimal configurations with one design parameter: (a) no (left), 0.5mL (center),
and 1mL (right) thrombus upstream and 1mL thrombus downstream; (b) no (left),
0.5mL (center), and 1mL (right) thrombus upstream and 2mL thrombus down-
stream.

separates clot B from the left cava wall. As indicated, the wall shear stresses
along the right wall, both upstream and downstream of clot A, are negative,
which further indicates regions of flow reversal. The fraction of vessel occupied
by abnormal WSS, where normal is defined by the baseline case, is similar in
all cases, though the amplitude of the abnormalities along the left cava wall
increases with the size of clot A. The locations of renal inflow are denoted by
gaps in the WSS profiles (since the WSS is not defined in these areas), and in
all cases the WSS profiles downstream of the renal inflow are identical. This
latter observation further indicates the dominance of renal inflow in determin-
ing the flow characteristics downstream of the renal veins, and demonstrates
that WSS downstream of renal inflow is nearly independent of thrombus con-
figuration upstream of the renal inflow. For cases with the 2mL downstream
thrombus (Fig. 6b), the locations of the peak wall shear stresses along both
cava walls are well-aligned with the peak of the baseline configuration. Indeed,
different locations of the peak wall shear stresses increase the value of the OF,
so alignment of the peaks help drive the optimal location of the upstream
thrombus.

16



(a)

0 20 40 60 80 100 120 140 160
−2

0
2
4
6
8

10
12

y (mm)

no
rm

al
iz

ed
 W

S
S

0 20 40 60 80 100 120 140 160
0

2

4

6

8

10

12

y (mm)

no
rm

al
iz

ed
 W

S
S

 

 

0.5mL upstream clot
1mL upstream clot
baseline

(b)

0 20 40 60 80 100 120 140 160

0

5

10

15

20

y (mm)

no
rm

al
iz

ed
 W

S
S

0 20 40 60 80 100 120 140 160
0

5

10

15

20

y (mm)

no
rm

al
iz

ed
 W

S
S

 

 

0.5mL upstream clot
1mL upstream clot
baseline

Fig. 6. Normalized WSS profiles for the optimal configurations with one design
parameter: (a) 1mL thrombus downstream; (b) 2mL thrombus downstream. Wall
shear stresses along the right and left walls of the vena cava are shown in the top
and bottom figures, respectively. Gaps in the WSS profiles indicate the locations of
renal inflow.

There are two competing flow processes that are balanced when the OF is
minimized: the low WSS due to stagnant/recirculating flow between clots A
and B, and high WSS due to rapid flow through the narrow gap between clot
B and the left wall of the cava. As clot A moves upstream, its wake occu-
pies a larger portion of the cava flow between clots A and B. This region of
stagnant/recirculating flow yields a low WSS along the right cava wall, which
increases the value of the OF. Conversely, as clot A moves downstream, the
WSS along the left wall increases due to the large velocity gradients surround-
ing clot B. The large wall shear stresses that result increase the value of the
OF. Consequently, there are flow factors that repel clot A from a far upstream
location and from a location that is proximal to clot B. The optimal balance
of these considerations determines the minimum of the OF and the optimal
location of the upstream thrombus.

4.2 Two parameter problem: Variable location and shape of the upstream
thrombus

The y-coordinate and the shape, as determined by the aspect ratio, of clot A
are the design variables in the two parameter optimization problem. The clot
once again remains confined to the cava wall, and the area of clot A remains
constant. Normalized velocity contours for the optimal location and shape of
the upstream thrombus are shown in Fig. 7a; the baseline configurations are
shown in Fig. 5. Contour plots of the baseline velocities are the same as for the
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one parameter problem and are shown in Figs. 5a and 5b. As illustrated, the
shape of clot A is streamlined with the flow, and the disruption to otherwise
unoccluded IVC flow is confined to regions proximal to the thrombus; flow
along the wall ipsilateral to the clot is unaltered. The size of clot B has min-
imal impact on the optimal aspect ratio of clot A, and the small wake of the
upstream thrombus does not interact with the flow dynamics that surround
the downstream thrombus.
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Fig. 7. Flow characteristics for the optimal configuration with two design parameter:
(a) normalized y-component of velocity with 0.5mL upstream thrombus and 1mL
(left) and 2mL (right) downstream thrombus; (b) normalized WSS along the right
(top) and left (bottom) walls of the vena cava. Gaps in the WSS profiles indicate
the locations of renal inflow.

The normalized WSS profiles are shown in Fig. 7b. In all cases, the WSS pro-
files of the optimal configurations are virtually identical to the corresponding
baseline case. The most notable differences lie in the vicinity of the upstream
thrombus, where low wall shear stresses are observed beneath clot A. The
magnitude of the wall shear stresses proximal to clot A are smaller than the
corresponding values for circular thrombus (Fig. 6), but the fraction of vessel
exposed to abnormal WSS is larger due to the elongated shape of the stream-
lined clot. Due to the streamlined shape of clot A and the large distance that
separates clots A and B, the fraction of the right cava wall that is exposed to
low WSS is independent of the size of clot B. In short, streamlining the shape
of the upstream clot reduces its influence on the flow dynamics and WSS.
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The trade-off that determines the optimal configuration of clot A is a balance
between minimizing the wake effects by streamlining the shape and minimizing
the fraction of the cava wall beneath the clot. Due to the constraint that clot
A must remain along the right wall of the cava, these two competing processes
are balanced when the OF is minimized. Unlike the one parameter problem
described above, clot B plays a minimal role in determining the optimal con-
figuration as apparent by the nearly identical solutions illustrated in Fig. 7a,
where the volumes of clot B are 1mL and 2mL. Note that including the aspect
ratio of clot A as a design parameter allows the final WSS profile of the two
parameter problem to better match the baseline configuration when compared
to the corresponding one parameter problem (i.e., Fig. 6 versus Fig. 7b).

5 Discussion

Vena cava filters that trap thrombus along the wall of the IVC induce regions
of stagnant/recirculating flow and abnormal WSS proximal to the thrombus.
These areas of disrupted flow elevate the risk of thrombosis and should be min-
imized (e.g., [25–28]). One way to reduce the volume of stagnant/recirculating
flow is to streamline the shape of all thrombi trapped along the wall, which
reduces the vorticity downstream of the thrombus. But, when the shape of a
thrombus is streamlined by stretching it along the axis of the cava, the area
of cava wall beneath the thrombus increases, thereby exposing the wall to low
WSS. The two parameter problem described above determines the optimal
aspect ratio of the upstream thrombus (for a fixed size of clot) based on WSS
considerations. As illustrated in Fig. 7a, the final shape balances the bene-
fits of undisturbed flow downstream of the thrombus with the drawback of
increasing the area of the IVC under the thrombus. Further specifying the
shape of the upstream thrombus with additional design parameters may yield
a more optimal shape, which gives a lower value of the OF.

In clinical applications, the optimal location and shape with which to trap
thrombus is patient-specific (due to anatomic variance). Consequently, the
optimal configuration for thrombus will change from patient-to-patient, and
the results obtained here are strictly valid only under the idealized flow condi-
tions considered. Hence, the ability of the present study to guide the design of
practical devices is, in part, dependent on the sensitivity of the OF to pertur-
bations of the flow conditions and thrombus morphology. To gain some insight
into the impact of thrombus size on the optimal configuration, note from Ta-
ble 3 that the solutions to the one and two parameter problems are relatively
insensitive to the size of thrombus. That is, doubling the effective volume of
the upstream and downstream thrombus change the optimal locations and
aspect ratios by less than 5% and 4%, respectively. Although additional sen-
sitivity studies are warranted, these results suggest that the design of a single
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# design params clot A (mL) clot B (mL) yopt (mm) aopt

1 0.5 1 72.04 —

1 1 1 72.06 —

1 0.5 2 71.50 —

1 1 2 71.10 —

2 0.5 1 60.22 8.76

2 0.5 2 57.82 8.44

Table 3
Optimal location, yopt, and aspect ratio, aopt, of the upstream thrombus for all
design optimization studies. The effective volumes of all upstream and downstream
thrombi refers to the volume corresponding to the two-dimensional projections used
in the current study.

filter may be near-optimal for a variety of applications.

Maximizing the efficacy of medical devices, including IVC filters, benefits from
a systems design approach to modeling. In the present work, for example, the
computational model and design criterion incorporate two thrombi and inflow
from the common iliac and renal veins. As a result, the optimal location and
shape of the upstream thrombus is influenced by a number of physiologically
relevant flow processes (e.g., stagnant/recirculating flow, nonuniform flow into
the IVC, interaction of downstream thrombus with renal inflow). Among the
most notable flow interactions captured by the model is the coupling of the
wake of clot A with the high speed flow between clot B and the cava wall. As
clot A moves downstream during the design iteration process, flow in the wake
of clot A interacts with the region of high pressure that is upstream of clot B;
the high pressure region accelerates flow in the wake and reduces the area of
stagnant/recirculating flow, which in turn increases the WSS downstream of
clot A. At the same time, the WSS along the left cava wall is also monitored by
the OF so as to mitigate any negative impacts to this region of the flow. It is
interesting to note that, based on this work, the optimal separation distance
between a 0.5mL upstream thrombus and a 1.5mL downstream thrombus
is approximately 17mm (results not shown). The corresponding separation
distance of the TrapEase vena cava filter is approximately 34mm.

The present study includes a number of simplifying assumptions that reduce
the computational expense and may be relaxed in future work. The use of a
two-dimensional model, for example, reduces the number of grid points that
are required to resolve the flow and therefore reduces the number of equations
that must be solved when evaluating the OF. For the low Reynolds number,
laminar flow considered here, a two-dimensional model is sufficient for un-
derstanding the overall flow dynamics. That is, changes to the location and
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shape of clot A modify the WSS upstream of the renal inflow, which alters
the value of the OF; the WSS downstream of clot B is primarily determined
by the renal inflow and remains virtually unaltered by clot A. Hence, moving
clot A along the cava wall upstream of clot B drives the system to an optimal
design. In this region of the cava, however, the flow is predominately in the
axial direction and therefore a two-dimensional model is reasonable.

The model assumes that all vessels are straight and rigid, all thrombus are
circular or elliptical, and flow through the IVC is steady; the applicability of
these approximations is discussed elsewhere (e.g., [13,16]). It can be noted,
however, that the design optimization methodology used here is broadly ap-
plicable to different sizes and shapes of clots. As the diversity and complexity
of clot morphology increases, the number of design parameters, p, required to
characterize the clot also increases, which elevates the computational expense.
Nonetheless, device designers may be able to exploit these additional degrees
of freedom when constructing new devices.

6 Conclusions

A design optimization framework that couples methods of computational fluid
dynamics and nonlinear optimization has been constructed and applied to
problems in venous thrombosis. The flow solver computes solutions to the in-
compressible Navier-Stokes equations, and the optimization solver minimizes a
user-specified objective function. A fully automated coupling of the two solvers
is implemented, tested, and the results are verified on three test problems.

The computational framework is used to determine the optimal configuration
of thrombus that may be trapped by vena cava filters. It is found that throm-
bus in close proximity can leverage flow characteristics and mitigate the risk
of thrombosis. In addition, streamlined thrombi trapped against the cava wall
minimize disruption to the flow and wall shear stress.

The modeling capabilities described here are robust and broadly applicable.
Future work may include extension to three-dimensions, incorporation of ad-
ditional design parameters, and the formulation and application of more in-
clusive objective functions. Further, the framework may be applied to other
medical devices.
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